Abstract. Ryanodine receptors (RyRs), intracellular calcium release channels required for cardiac and skeletal muscle contraction, are macromolecular complexes that include kinases and phosphatases. Phosphorylation/dephosphorylation plays a key role in regulating the function of many ion channels, including RyRs. However, the mechanism by which kinases and phosphatases are targeted to ion channels is not well understood. We have identified a novel mechanism involved in the formation of ion channel macromolecular complexes: kinase and phosphatase targeting proteins binding to ion channels via leucine/isoleucine zipper (LZ) motifs. Activation of kinases and phosphatases bound to RyR2 via LZs regulates phosphorylation of the channel, and disruption of kinase binding via LZ motifs prevents phosphorylation of RyR2. Elucidation of this new role for LZs in ion channel macromolecular complexes now permits: (a) rapid mapping of kinase and phosphatase targeting protein binding sites on ion channels; (b) predicting which kinases and phosphatases are likely to regulate a given ion channel; (c) rapid identification of novel kinase and phosphatase targeting proteins; and (d) tools for dissecting the role of kinases and phosphatases as modulators of ion channel function.
Introduction
Type 2 ryanodine receptor (RyR2) 1 /Ca 2 ϩ release channel macromolecular complexes in the heart include protein kinase A (PKA) and two phosphatases (protein phosphatase [PP]1 and PP2A) that regulate channel function (Marx et al., 2000) . Among the largest ion channels, RyRs on the sarcoplasmic reticulum (SR) of striated muscles are required for excitation-contraction (EC) coupling. RyRs have enormous cytoplasmic domains that form scaffolds for multiple proteins that modulate channel function (Marx et al., 2000) . The skeletal muscle RyR1 and the cardiac muscle RyR2 are tetramers comprised of four 565,000-D RyR polypeptides, each of which binds one 12,000-D FK506 binding protein (FKBP12 and FKBP12.6, respectively; Marks et al., 1989; Jayaraman et al., 1992; Marks, 1996) that stabilize RyR channel function (Brillantes et al., 1994) and facilitate coupled gating between neighboring RyR channels (Marx et al., 1998) .
PKA phosphorylation of RyR2 dissociates FKBP12.6 from the channel resulting in increased open probability ( P o ) of the channel (Marx et al., 2000) . PKA phosphorylation of RyR2 is an important part of the "fight or flight" response, as increased channel P o enhances EC coupling gain resulting in stronger cardiac muscle contraction (Marks, 2000) . In failing hearts we have shown that RyR2 is PKA hyperphosphorylated and have proposed that this represents a maladaptive response to stress resulting in defective ("leaky") channels with markedly increased P o (Marx et al., 2000) .
PKA phosphorylation of RyR2 is regulated by kinases and phosphatases that are bound to the channel via targeting proteins (Marx et al., 2000) . In failing hearts, reduced amounts of the phosphatases PP1 and PP2A in the RyR2 macromolecular complex is associated with PKA hyperphosphorylation of RyR2 and defective channels (Marx et al., 2000) . We previously identified muscle A-kinase an-
The Journal of Cell Biology, Volume 153, 2001 700 choring protein (mAKAP) as the targeting protein for PKA in the RyR2 macromolecular complex (Marx et al., 2000) . However, the targeting proteins for PP1 and PP2A in the RyR2 macromolecular complex have not been identified. Moreover, the mechanism by which kinase and phosphatase targeting/adaptor proteins bind to ion channels has not been elucidated.
Leucine/isoleucine zipper (LZ) motifs have been identified in ion channels, including the human potassium channel hSK4 (Joiner et al., 1997) , Shaker potassium channel (McCormack et al., 1991) , and the intracellular calcium release channel, inositol 1,4,5 trisphosphate receptor (IP3R; Galvan et al., 1999) , although their function(s) have not been determined. In this study we show that three highly conserved, previously unidentified, LZ motifs on RyR2 form the binding sites for targeting proteins that bind PKA, PP1, and PP2A to the channel. Using this information, we have identified the targeting proteins for PP1 and PP2A in the RyR2 macromolecular complex. Furthermore, we demonstrate that the bound kinase and phosphatases regulate the phosphorylation of the channel and modulate its function. Based on our finding that LZ motifs form binding sites for kinase and phosphatase targeting proteins, we were able to use this information to identify components of the RyR1 macromolecular complex, which has not been reported previously. In the case of RyR1, we were able to predict that PKA and PP1 but not PP2A would be part of the RyR1 macromolecular complex because the LZs that bind targeting proteins for PKA and PP1 (but not for PP2A) were conserved between RyR1 and RyR2.
Materials and Methods

Glutathione S-Transferase Fusion Proteins
Rabbit RyR2 and RyR1, rat spinophilin, human mAKAP (cDNA template, KIAA0311; Kazusa DNA Research Institute), and PR130 cDNA templates were amplified by PCR and subcloned into pGEX-4T1,-4T2, or -4T3 (Amersham Pharmacia Biotech) for expression as glutathione S -transferase (GST) fusion proteins. All cDNA constructs were confirmed by sequencing both strands. GST fusion proteins were expressed in either DH5 ␣ or BL21 cells (Stratagene) and affinity purified with glutathione 4B sepharose (Amersham Pharmacia Biotech).
Site-directed Mutagenesis
Mutagenesis was carried out with either a 5 Ј -3 Ј mutagenesis kit (Eppendorf) or nested primers. RyR2 /L 2,3 A mutagenesis primer (L564A, L571A), 3 Ј -CACAATGTAAAACTTCATATACCCGAGCAAGCC-TCAGCTCTCTCCAATCTGC-5 Ј ; RyR2 1,347-1,663/I,L 2,3 A mutagenesis primer (I1610A, L1617A), 5 Ј -AAGGTCGATGTTTCTAGAGC-AAGTGAACGACAAGGCTGGGCAGTGCAGTGTTTGGATCC-3 Ј ; RyR2 amino acid (aa) 2,838-3,145/L 1,2 A mutagenesis primer (L3008A, L3015A), 5 Ј -GGAAATGGTGACTAGCGCATTCTGCAAGCTTGG-AGTTGCAGTCAGGCATAGG-3 Ј ; Spinophilin aa 300-634 mutagenesis primer (L492A, L499A), 5 Ј -GAGTCCTTCTCCGCCTCCACAG-GAAAGAGCTCCGCCCTCTCCACTCG-3 Ј ; and mAKAP aa 1,139-1,479 mutagenesis primer (I1224A, L1231A), 5 Ј -GGATGAAATGGA-CGCTAGCAACAAGTTAATTAGTGCGAATGAGGAATC-3 Ј .
GST Pulldown Assays and Immunoprecipitation
SR membranes were prepared from canine ventricular tissue as described (Marx et al., 2000) . GST fusion protein concentrations were normalized using Coomassie staining. GST fusion proteins bound to glutathione sepharose beads were incubated for 3 h at 4 Њ C in modified RIPA buffer with SR membranes. Beads were washed extensively in modified RIPA buffer and proteins separated on SDS-PAGE and immunoblotted (Marx et al., 2000) with the following antibodies: anti-RyR (5029, 1:3,000; Marx et al., 2000) , anti-FKBP12 (1:1,000; Jayaraman et al., 1992) , anti-PP1, anti-PP2A, and anti-PKA catalytic subunit (1:1,000; Transduction Laboratories), anti-RII (1:1,000; Santa Cruz Biotechnology, Inc.), anti-mAKAP (1:1,000; UBI), anti-spinophilin (1:250; Upstate Biotechnology), and anti-GST (Amersham Pharmacia Biotech). Immunoblots containing 10% of the GST fusion protein input were probed with anti-GST antibody to demonstrate that equivalent amounts of GST fusion proteins were used in all pulldown assays. In all cases, data shown are representative of three or more similar experiments.
Competing PKA Off from RyR2 Using Specific RyR2 Leucine/Isoleucine Peptides Cardiac SR (200 g) was suspended in 0.5 ml of buffer containing 20 mM imidazole, pH 7.0, 0.9% NaCl, 1.0 mM NaF, and protease inhibitors (complete protease inhibitor cocktail from Roche Diagnostics). Samples were incubated with GST-RyR2 fusion proteins (on glutathione beads) overnight at 4 Њ C. After removal of beads, the supernatant was centrifuged at 95,000 g for 10 min, and the pellet was washed and resuspended in 100 l of imidazole buffer. Aliquots were fused to planar lipid bilayers for analyses of RyR2 single channel function or immunoprecipitated with antiRyR2 antibody, followed by immunoblotting for RyR2 and PKA, or analyzed for PKA phosphorylation of RyR2 as described below. In all cases, data shown are representative of three or more similar experiments.
Phosphorylation
SR membranes (200 g) were incubated with wild-type or mutant RyR2-GST for 2 h. Supernatants were immunoprecipitated with anti-RyR antibody and protein A sepharose beads. Beads were washed with 1 ϫ phosphorylation buffer (8 mM MgCl 2 , 10 mM EGTA, and 50 mM Tris/ piperazine-N,N Ј -bis[2-ethanesulfonic acid], pH 6.8), resuspended in 10 l of 1.5 ϫ phosphorylation buffer containing cAMP (10 M; Sigma-Aldrich), with or without protein kinase inhibitor (PKI) 5-24 (Sigma-Aldrich) as described (Marx et al., 2000) . Phosphorylation of immunoprecipitated RyR2 was initiated with MgATP (33 M) and 10% [ ␥ -32 P]ATP (NEN Life Science Products) and terminated after incubation for 5 min at room temperature with 5 l stop solution (4% SDS, 0.25 M DTT). As indicated, protamine (1 mg/ml) with or without okadaic acid (5 nM) were added to phosphorylation reactions. For microsome phosphorylation experiments, phosphorylation was with MgATP and cAMP (10 M) with or without PKI for 15 min at room temperature, and pelleted membranes and supernatant were size fractionated on SDS-PAGE (15%) and immunoblotted with anti-FKBP12 antibody. In all cases, data shown are representative of three or more similar experiments.
Single Channel Recordings
Single channel recordings of RyR2 were performed using black lipid membranes and analyzed as described (Brillantes et al., 1994; Marx et al., 2000) . SR membranes were fused to the bilayer after addition to the cis chamber using an osmotic gradient (KCl), which was removed by perfusion. The transmembrane voltage was clamped at 0 mV and the charge carrier was Ca 2 ϩ . The cis chamber was filled with 1 ml of 250 mM Hepes, 125 mM Tris, 0.05-5 mM CaCl 2 , pH 7.35, and the trans chamber 53 mM CaOH 2 . The trans chamber was connected to the head-stage input of an Axon 200 amplifier (Axon Instruments, Inc.) using an Ag/AgCl electrode and agar/KCl bridge. The cis chamber was held at ground with a similar electrode. The single channel currents were filtered at 1 kHz with an 8-pole Bessel filter (Warner Instruments) and digitized at 4 kHz. Data were collected on a Pentium computer, using AxoScope1 (Axon Instruments, Inc.) and a Digidata 2000 (Axon Instruments, Inc.) interface. The pClamp6.01 program (Axon Instruments, Inc.) was used for analyzing single channel data. P o and the lifetimes of open and closed events were identified by 50% threshold analysis using at least 3 min of continuous record. The baseline level was obtained after leak current subtraction. The Student's t test was used for statistical analyses of the dwell time distributions and open probabilities. At the conclusion of each experiment, ryanodine and/or ruthenium red were applied to confirm channel identity. In all cases, data shown are representative of three or more similar experiments.
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Results
Identification of LZ Motifs in Ion Channels
Ion channel structures are comprised of highly conserved motifs that subserve common functions such as pore formation and ion selectivity. We identified three evolutionary conserved LZ motifs in RyR2 with no known function (Fig. 1 A) . Novel LZ motifs were also identified in other ion channels, including IP3R, KvLQT1, and ␣ 1c subunit of cardiac dihydropyridine receptor (DHPR; data not shown). Currently available software for detecting LZ and coiled-coils fails to detect most of these leucine/isoleucine motifs because of the presence of isoleucine and occasionally valine residues in the " d " position, and because of occasional nonhydrophobic residue in the " a " position. Therefore, all of the previously unrecognized LZ motifs identified in this paper were identified by manual sequence analyses. We sought to determine the functional role of LZ motifs in mediating protein-protein interactions in ion channels.
LZ Motifs Mediate Targeting of Spinophilin/PP1 to RyR2
GST-RyR2 fusion proteins ( Fig. 1 A) were prepared and pulldown assays performed using canine cardiac ventricular muscle SR. The GST fusion protein RyR2-LZ1 coprecipitated with PP1 ( Fig. 1 B) . This interaction was specific, as GST alone (Fig. 1 B) and other GST-RyR2 fusion proteins that do not contain LZ motifs (data not shown) as well as two other LZ motifs in RyR2 (LZ2 and LZ3) failed to coprecipitate with PP1 ( Fig. 1 B) . A mutant RyR2-LZ1 (RyR2-LZ1 m , containing alanine substitutions for the second and third " d " leucines; Fig. 1 B) failed to coprecipitate with PP1, indicating that the LZ motif is responsible for PP1 binding on RyR2. However, RyR2-LZ1 did not bind recombinant PP1 catalytic subunit (data not shown), indicating that targeting of PP1 to RyR2 was mediated by a third protein and not due to a direct interaction between the PP1 catalytic subunit and RyR2.
PP1 targeting proteins have not been reported to bind to their substrates via LZ motifs. However, we observed that spinophilin, a PP1 targeting protein expressed in cardiac muscle, contains a LZ motif. Spinophilin was originally identified in the neostriatum where it targets PP1 to postsynaptic densities (Allen et al., 1997) and plays a role in the modulation of the ionotropic glutamate receptor, AMPA (Yan et al., 1999) . The GST fusion protein RyR2-LZ1, but not GST or GST-RyR2-LZ1 m , coprecipitated spinophilin ( Fig. 1 B) , indicating that spinophilin targets PP1 to RyR2 via binding to a LZ. Spinophilin coimmunoprecipitated with RyR2, indicating the existence of a phys- GST-RyR2-LZ1 (aa 530-704) contains an LZ (aa 555-604); GST-RyR2-LZ2 (aa 1,347-1,663) contains an LZ (aa 1,603-1,631); GST-RyR2-LZ3 (aa 2,838-3,145) contains an LZ (aa 3,003-3,039); underlined residues were substituted with alanines (RyR2-LZX m ). (B) Pulldown using cardiac SR (200 g,) followed by immunoblotting with anti-PP1 or antispinophilin demonstrated specific LZ-dependent binding of PP1 (top panel) and spinophilin (middle panel) to RyR2; "ϩ cont" represents 5% (spinophilin) or 10% (RyR2) SR input. RyR2-LZ1 but not RyR2-LZ2 or RyR-LZ3 coprecipitated PP1. (C) Coimmunoprecipitation of RyR2 and spinophilin from SR; "ϩ cont" represents 10% SR input. (D) GST-spinophilin fusion proteins, GST-SP/ 1-368, GST-SP/300-634, and GST-SP/608-817. GST-SP/ 300-634 contains the PP1 binding domain , a PDZ domain (Allen et al., 1997) , and an LZ (aa 485-510). Underlined leucine residues were substituted with alanines (SP/300-634 m ). (E) Pulldown assays demonstrated a specific interaction between RyR2 and spinophilin; "ϩ cont" represents either 5% (PP1) or 10% (RyR2) SR input. (F) SR was preincubated with GST alone, RyR2-LZ1, or RyR2-LZ1 m before immunoprecipitating supernatants with anti-RyR antibody. Spinophilin/PP1 was competed off RyR2 by GST-RyR2-LZ1, but not by GST alone or RyR2-LZ1 m .
ical association between these proteins in cardiac SR membranes (Fig. 1 C) .
Spinophilin also contains a Src homology 3 binding (SH3) domain, an F-actin binding domain at its NH 2 terminus, a predicted coiled coil structure at the COOH terminus, a single PDZ domain (aa 492-583), and a PP1 binding domain (RKIHF aa 447-451; Allen et al., 1997; McAvoy et al., 1999) . To identify the binding site for RyR2 on spinophilin, three GST fusion proteins encompassing the NH 2 terminus (GST-SP/1-368), mid-region (GST-SP/300-634), and COOH terminus (GST-SP/608-817) of spinophilin were prepared (Fig. 1 D) . Only GST-SP/300-634, containing an LZ motif, bound to RyR2 (Fig.  1 E, top panel) . Substituting alanines for the second and third " d " leucines (GST-SP/300-634 m ) eliminated binding to RyR2, indicating that spinophilin interacts directly with RyR2 via LZ motifs. The mutant GST-SP/300-634 m bound PP1, indicating that the PP1 binding site on spinophilin is distinct from the LZ motif that binds to RyR2 (Fig. 1 E,  middle panel) .
To determine whether spinophilin/PP1 is targeted to a single site on RyR2, we incubated SR membranes with GST alone, GST-RyR2-LZ1, or GST-RyR2-LZ1 m before immunoprecipitation with anti-RyR antibody. PP1 binding to RyR2 was completely inhibited by preincubation with RyR2-LZ1, but not by preincubation with RyR2-LZ1 m or GST alone, indicating that spinophilin targets PP1 to RyR2 at a binding site defined by a unique LZ motif (Fig. 1 F) .
LZ Motif Mediates Targeting of PR130/PP2A to RyR2
The LZ2 motif (RyR-LZ2; Fig. 1 A) forms the unique binding site for PP2A on RyR2. Purified GST-RyR2-LZ2 specifically coprecipitated PP2A from cardiac SR membranes (Fig. 2 A) , but failed to interact with recombinant catalytic subunit of PP2A (data not shown). This interaction was specific, as GST alone (Fig. 2 A) and other GSTRyR2 fusion proteins that do not contain LZ motifs (data not shown) as well as two other LZ motifs in RyR2 (LZ1 and LZ3) failed to coprecipitate with PP2A (Fig. 2 A) . Substituting alanines for the second and third " d " isoleucine/leucines (RyR2-LZ2 m ) eliminated PP2A coprecipitation (Fig. 2 A) , implicating the LZ2 motif on RyR2 as the PP2A binding site. Thus, a targeting protein in cardiac SR mediates PP2A binding to RyR2 via an LZ.
PP2A targeting proteins have not been reported to bind to their substrates via LZ motifs. However, we observed that PR130, a PP2A targeting protein expressed in cardiac muscle (Zolnierowicz et al., 1996) , contains a LZ motif. To determine whether this LZ in PR130 was responsible for targeting PP2A to RyR2, we showed that a GST fusion protein containing the PR130 LZ motif, but not an alanine substitution mutant of this PR130 LZ, coprecipitated RyR2 in pulldown assays. Moreover, RyR2-LZ2, but not the alanine substitution mutant RyR2-LZ2m, coprecipitated PR130 (Fig. 2 B) . To confirm that PR130/PP2A is targeted to RyR2 via LZ-mediated interactions, we incubated cardiac SR membranes with GST alone, GSTRyR2-LZ2, or GST-RyR2-LZ2 m before immunoprecipitation with anti-RyR antibody. PP2A binding to RyR2 was completely inhibited by pre-incubation with RyR2-LZ2, but not by preincubation with RyR2-LZ2 m or GST alone, indicating that like PP1, PP2A binds to RyR2 via a targeting protein, PR130, via a unique LZ motif (Fig. 2 C) .
LZ Motif Mediates Targeting of mAKAP/PKA to RyR2
The LZ3 motif (RyR2-LZ3; Fig. 1 A) specifically coprecipitated PKA, RII, and mAKAP in pulldown assays (Fig.  3 A) . This interaction was specific, as GST alone (Fig. 3 A) and other GST-RyR2 fusion proteins that do not contain LZ motifs (data not shown) as well as two other LZ motifs in RyR2 (LZ1 and LZ2) failed to coprecipitate with PKA (Fig. 3 A) . LZ3 includes one "skip" residue (eight residues instead of seven between " d " amino acids) as reported previously for some LZ motifs (Brown et al., 1996; Lupas, 1996) . Substituting alanines for the first and second " d " leucines (RyR2-LZ3 m ) eliminated coprecipitation of PKA, RII, and mAKAP (Fig. 3 A) , indicating that the RyR2 binding site for mAKAP (which anchors PKA and RII) contains an LZ motif. To demonstrate that mAKAP/ PKA is targeted to RyR2 via LZs, we incubated cardiac SR membranes with GST alone, GST-RyR2-LZ3, or GST-RyR2-LZ3 m before immunoprecipitation with antiRyR antibody. PKA binding to RyR2 was completely inhibited by preincubation with RyR2-LZ3, but not by pre- Downloaded from incubation with RyR2-LZ3 m or GST alone, indicating that like PP1 and PP2A, PKA binds to RyR2 via a targeting protein, mAKAP, at a unique LZ motif (Fig. 3 B) .
To identify the LZ on mAKAP that binds to RyR2, mAKAP was expressed as 11 GST fusion proteins (Fig. 3  C) and pulldown assays with cardiac SR membranes were performed. GST-mAKAP/1,139-1,497, which contains a LZ motif, specifically bound RyR2 (Fig. 3 D) . Substituting alanines for the second and third " d " isoleucine/leucine (mAKAP/1,139-1,497 m ) eliminated coprecipitation with RyR2 (Fig. 3 D, top panel) , indicating that mAKAP binds to RyR2 via LZ motifs. The function of a second LZ motif on mAKAP is currently unknown. In agreement with prior observations (Carr et al., 1991) demonstrating that mAKAP contains an amphipathic helix that binds RII, we found that GST-mAKAP/1,973-2,150 specifically bound PKA (Fig. 3 D, middle panel) and RII (data not shown).
Role of LZ Motifs in the Regulation of RyR Function
PKA phosphorylation of RyR2 dissociates the regulatory protein FKBP12.6, a member of the immunophilin family of peptidyl-prolyl isomerases (Marks, 1996) and increases channel P o (Marx et al., 2000) . In failing human hearts, RyR2 is PKA hyperphosphorylated, resulting in defective channel function with increased P o that contributes to altered EC coupling (Marx et al., 2000) . To establish the functional significance of RyR2-bound PKA, we showed that preincubation with GST-RyR2-LZ3 dissociates PKA/ RII/mAKAP from the RyR2 complex ( Fig. 3 B and Fig. 4 A, third panel) and prevents cAMP-induced hyperphosphorylation of RyR2 (Fig. 4 A, top panel) . A peptide corresponding to RyR2-LZ3 competed PKA off from the channel, whereas a mutated form of the same peptide containing alanine substitutions for two of the leucines in the heptad repeat (RyR2-LZ3 m ) did not compete PKA off from the channel (Fig. 4 A, third panel) . After incubation with GST-RyR2-LZ3, the PKA previously bound to RyR2 was detected by immunoblot bound to GST-RyR-LZ3 beads (Fig. 4 A, bottom panel) and no PKA was detected after incubation with GST-RyR-LZ3 by coimmunoprecipitation with RyR2 (Fig. 4 A, bottom panel) . In contrast, after incubation with GST-RyR2-LZ3 m , PKA still coimmunoprecipitated with RyR2 and none was detected bound to the GST-RyR-LZ3 m beads (Fig. 4 A, bottom panel) , indicating the specificity of the LZ-mediated competition.
Thus, cAMP-induced RyR2 phosphorylation requires LZ anchoring of PKA/RII/mAKAP to RyR2. In failing human hearts, the amounts of RyR2-bound phosphatases (PP1 and PP2A) were diminished compared with controls and were restored after left ventricular assist device (LVAD) implantation (Marx et al., 2000) . This suggests that the PKA hyperphosphorylation of RyR2 in heart failure may be due, at least in part, to a reduction in the amount of RyR2-associated phosphatases. To establish the functional role of LZ-mediated association of RyR2 and phosphatases, we showed that protamine-induced activation of RyR2-bound phosphatases dephosphorylated RyR2 (Fig. 4 B) . Moreover, RyR2-bound phosphatases were able to reverse the phosphorylation mediated by cAMP activation of RyR2-bound PKA.
Phosphorylation of RyR2 by cAMP-induced activation of RyR2-bound PKA caused dissociation of FKBP12.6 from RyR2 using both immunoprecipitated RyR2 (Fig. 4  C) and cardiac microsomes (data not shown). To establish Figure 3 . PKA/RII/mAKAP bind to RyR2 via LZ motifs. (A) GST-SR pulldown demonstrated a specific interaction between mAKAP/RII/ PKA and RyR2-LZ3, but not GST or GST-RyR2-LZ3 m ; immunoblots, anti-PKA (first panel), anti-RII (second panel), and anti-mAKAP (third panel). "ϩ cont" represents 5% (RII and PKA) or 10% (mAKAP) SR input. (B) SR was incubated with GST, GST-RyR2-LZ3, or GSTRyR2-LZ3 m before immunoprecipitation of supernatants with anti-RyR antibody followed by immunoblotting with anti-PKA. RyR2-LZ3 but not RyR2-LZ1 or RyR-LZ2 coprecipitated PKA. Lanes labeled "beads" contain GST-pulldown samples, and lanes labeled "supernatant" are immunoprecipitations. PKA binding to RyR2 via mAKAP was competitively inhibited by incubation with GST-RyR2-LZ3 but not GST or GST-RyR2-LZ3 m . "ϩ cont" represents 5% SR input. (C) mAKAP and GST-mAKAP fusion proteins. GST-mAKAP/ 1,973-2,150 contains the RII binding domain, GST-mAKAP/829-964 and GST-mAKAP/1,139-1,497 contain LZ motifs. Alanines were substituted for underlined isoleucine/leucines (GST-mAKAP/1,139-1,497 m ). (D) GST-SR pulldown assays followed by immunoblotting with anti-RyR (top) or anti-PKA (middle). "ϩ cont" represents 10% (RyR2, top) and 5% (PKA, middle) SR input. The Journal of Cell Biology, Volume 153, 2001 704 the functional role of RyR2-bound PKA, we showed that cAMP-induced phosphorylation of RyR2 significantly increased RyR2 P o (Fig. 4 D, top tracing) compared with channels treated with cAMP plus the PKA inhibitor PKI (Fig. 4 D, second tracing) (cAMP-treated RyR2, P o ϭ 0.25 Ϯ 0.23, n ϭ 12; cAMP plus PKI, P o ϭ 0.019 Ϯ 0.02, n ϭ 10, P Ͻ 0.015; e.g., Fig. 4 D, first and second tracings) . Moreover, RyR2 channels incubated with GST-RyR2-LZ3 (Fig. 4 D, third tracing) , but not with GST-RyR2-LZ3 m (Fig. 4 D, fourth tracing) were no longer activated by cAMP-induced PKA phosphorylation (GST-RyR2-LZ3-treated RyR2, P o ϭ 0.014 Ϯ 0.011, n ϭ 5; GST-RyR2-LZ3 m , P o ϭ 0.38 Ϯ 0.24, n ϭ 4, P Ͻ 0.01; e.g., Fig. 4 D, third and fourth tracings). Taken together, these data show that peptides that disrupt binding of PKA (via mAKAP) to RyR2 via the LZs also prevent regulation of RyR2 by the bound PKA. RyR-LZ3 specifically competed mAKAP/RII/PKA off from RyR2 (Figs. 3 B and 4  A) . Moreover, competing mAKAP/RII/PKA off from RyR2 with RyR-LZ3 prevented cAMP-induced phosphorylation of RyR2 (Fig. 4 A) . Thus, cAMP-induced phosphorylation of RyR2 depends on LZ-mediated targeting of mAKAP/RII/PKA to RyR2 and likely plays a key role in the regulation of SR Ca 2ϩ release via cAMPinduced phosphorylation of RyR2 (Fig. 4 E) .
Using LZs to Predict Kinase and Phosphatase Targeting Protein Binding Sites on Ion Channels
We compared LZ motifs in RyR2 and RyR1 (skeletal muscle) and found that the binding sites for PP1 and PKA, but not for PP2A are highly conserved between the two channel isoforms (Fig. 5 A) . Thus, we predicted that RyR1 would be associated with PP1 and PKA but not PP2A. Indeed, immunoprecipitation and GST pulldown studies demonstrated that RyR1 is complexed with PKA and PP1, but not PP2A in skeletal muscle SR (Fig. 5 B) . A GSTRyR1 fusion protein (aa 497-759) containing a putative leucine/isoleucine/valine zipper (aa 554-603) (Fig. 5 C) specifically coprecipitated PP1 (Fig. 5 D, top panel) in skeletal muscle SR pulldown assays. A GST-RyR1 fusion protein (aa 2,968-3,216) containing a putative leucine/valine zipper with a "skip" (aa 3,039-3,075) (Fig. 5 C) specif- Downloaded from ically coprecipitated PKA in skeletal muscle SR pulldown assays (Fig. 5 D, middle panel) . These data suggest that, like RyR2 (Marx et al., 2000) , RyR1 is a macromolecular complex that includes PKA, and PP1 bound to the channel via targeting proteins that contain LZ motifs. By analogy to the cardiac RyR2 channel interaction with PP1 and PKA, we predict that there are targeting proteins (containing LZ motifs) for PP1 and PKA that mediate their binding to RyR1 and are in the process of identifying them using the RyR1 LZ motif binding sites as bait in yeast twohybrid screens. Identification of conserved LZ motifs in IP3Rs, KvLQT1, and the DHPR ␣1c subunit has enabled us to identify kinases and phosphatases targeted to these ion channels as well (Marx, S., S. Reiken, Y.-M. Yang, and A.R. Marks, manuscript in preparation).
Striking evolutionary conservation of the LZ motifs that bind PP1, PP2A, and PKA in RyRs provides clues regarding signaling pathways that regulate these channels (Fig.  6 ). For example, the RyR LZ motif responsible for targeting PP1 is remarkably conserved in all three known forms of RyRs (RyR1, RyR2, and RyR3) from Homo sapiens to Caenorhabditis elegans (although there is a two residue shift in the Drosophila sequence that might prevent binding). These data suggest that dephosphorylation of RyRs by PP1 is highly conserved and predicts that spinophilin or a closely related homologue is also highly conserved. The RyR LZ motif responsible for targeting PKA is also completely conserved from human to fish but an alanine replaces the third leucine in the heptad repeat in Drosophila and C. elegans. These data imply that PKA-mediated phosphorylation of RyRs is a generalized regulatory mechanism in vertebrates and that mAKAP homologues containing LZ motifs exist that target PKA to each of the RyR isoforms. In contrast, the PP2A LZ motif is conserved only in the RyR2 isoform in vertebrates. These data suggest that dephosphorylation of RyRs by PP2A is specific to the RyR2 isoform in vertebrates. RyR, PP1, PP2A, PKA, and AKAPs have all been identified in C. elegans (Maryon et al., 1996; Angelo and Rubin, 1998; Zeke et al., 1998) .
Discussion
A common theme in signal transduction is the close association of signaling molecules in multienzyme complexes, presumably to spatially and temporally regulate signaling in response to localized stimuli (Hunter, 1995) . However, the mechanism of targeting kinase and phosphatase adaptor proteins to ion channels has remained unclear. These studies demonstrate a novel role for LZ motifs in the tar- . Separate immunoblots containing 10% of the GST fusion protein input were probed with anti-GST antibody to demonstrate that equivalent amounts of GST fusion proteins were used in pulldown assays (bottom panel). As GST fusion proteins are different molecular weights, bands were cut from immunoblot and realigned for purposes of comparison.
on April 28, 2017 Downloaded from geting of kinases and phosphatases to ion channels. Signaling via protein-protein interactions mediated by LZ motifs in ion channel macromolecular complexes is analogous to targeted signaling involving SH2 and SH3 domains (Koch et al., 1991; Pawson and Gish, 1992) .
Identification and characterization of the substrate binding sequences of targeting proteins for kinases and phosphatases has significant implications for the study of other ion channels. For instance, we have used this information to identify kinases, phosphatases, and targeting proteins that bind to novel LZ sequences in other cardiac ion channels that are modulated by phosphorylation. Understanding the mechanism by which kinases and phosphatases are targeted to ion channels may lead to novel approaches for the understanding and treatment of human heart diseases, such as heart failure and arrhythmogenesis (Kass and Davies, 1996; Marks, 2000; Marx et al., 2000) .
The LZ domain is an ␣ helical structure that forms coiled coils and was originally identified as a highly conserved motif mediating the binding of transcription factors to DNA (Landschulz et al., 1988) . Its role in promoting homo-and heterodimerization of transcription factors has been well documented (Turner and Tjian, 1989) . LZ motifs have also been shown to mediate protein-protein interactions (e.g., myosin binding subunit/cGKI␣; Surks et al., 1999) and intraprotein oligomerization (e.g., phospholamban, the phosphoprotein that regulates Ca 2ϩ uptake across the SR; Simmerman et al., 1996) . However, no prior studies have identified a role for LZs in the formation of ion channel macromolecular complexes.
Mutagenesis has been used to study the sequence specificity of interacting helices in the GCN4 DNA binding domain (Harbury et al., 1993) , phospholamban (Simmerman et al., 1996) , and myosin binding subunit/cGKI␣ (Surks et al., 1999) . Substitution of an alanine for one or more of the "d" position leucines in the LZ motif diminishes the ability of the LZ to mediate protein-protein interaction without disrupting its native ␣ helical structure (Simmerman et al., 1996; Moitra et al., 1997) . Using site-directed mutagenesis with alanine substitutions of two "d" position residues, we showed that LZ motifs in RyR and in kinase/phosphatase targeting proteins are responsible for regulation of the phos- Figure 6 . Conservation of LZ motifs in RyRs. (A) Location of the LZ motifs on RyR1 and RyR2 that bind to LZ motifs in adaptor/targeting proteins for PKA, PP1, and PP2A. The numbers below the RyR2 refer to aa residues. RyR sequences corresponding to the LZ motifs that bind (B) PP1, (C) PP2A, and (D) PKA were aligned. Numbers in parentheses correspond to the first residue in each sequence. Blue shaded residues indicate conserved "a" and red shaded residues indicate conserved "d" positions of the leucine/isoleucine heptad repeats. There are three forms of RyR identified to date, RyR1 (Marks et al., 1989; Takeshima et al., 1989; Zorzato et al., 1990) , RyR2 (Nakai et al., 1990; Otsu et al., 1990) , and RyR3 (Hakamata et al., 1992) . The frog alpha corresponds to RyR1 and beta to RyR3 (Oyamada et al., 1994) . The fish RyR (blue marlin, Makaira nigricans) corresponds to RyR1 (Franck et al., 1998) . The Drosophila RyR is ‫%54ف‬ homologous to mammalian RyRs (Takeshima et al., 1994; Xu et al., 2000) , and C. elegans RyR corresponds to RyR1 (Maryon et al., 1996) . In B, the (*) indicates two residues inserted in the Drosophila sequence that displace the alignment of the LZ motif. The proline in the middle of the PP1 LZ motif would introduce a bend in the helix (Hendrickson and Love, 1971) which is followed by a phase shift "skip" (eight residues instead of seven between the leucine/isoleucine in the repeat). The phase shift could bring the repeats back into register following the bend in the helix to permit alignment with the corresponding heptad repeats in the LZ motif in spinophilin.
Downloaded from phorylation and function of the channel. These findings indicate a novel role for conserved LZ motifs in the targeting of phosphorylation modulatory molecules to ion channels.
The specificity of each LZ motif for a unique targeting protein is imparted largely via the amino acids in the "a" position and in other positions in the coiled-coil forming the ␣ helix (Moitra et al., 1997) , as the leucines/isoleucines in the "d" positions alone cannot explain the observed degree of specificity.
It is interesting to note that a proline (aa 496) is located at an "a" position within the putative LZ motif on spinophilin. Introduction of a proline into an ␣ helical structure is known to introduce a bend but does not necessarily "break" the helix (Hendrickson and Love, 1971; Alber et al., 1988; Barlow and Thornton, 1988) . Nevertheless, a proline substitution in an "a" position of a heptad repeat has been demonstrated to inhibit ␣ helical folding based on circular dichroism spectroscopy (Wagschal et al., 1999; Tripet et al., 2000) . However, substitution of a proline for a leucine or isoleucine in the "a" position of a LZ in the transmembrane protein gp41 of HIV-1 did not disrupt oligomerization of this protein, although it did reduce the stability of the coiled coil (Chang et al., 1999) .
The LZ motifs responsible for targeting PKA and PP1 to RyR2 are conserved among RyR isoforms, but only the RyR2 isoform contains the PP2A targeting motif. The finding that PKA and PP1, but not PP2A coimmunoprecipitate with RyR1 support our model for using conserved LZ motifs to predict which kinases and phosphatases regulate members of an ion channel family.
Recently, we reported that PKA hyperphosphorylation of RyR2 obtained from failing hearts was associated with defective channel function (Marx et al., 2000) . The amounts of PP1 and PP2A associated with RyR2 obtained from heart failure patients were diminished compared with controls, suggesting that dephosphorylation of RyR2 might be impaired in heart failure patients (Marx et al., 2000) . The abnormal phosphorylation and function were reversed in patients receiving an LVAD, implying that the processes mediating the maladaptive responses seen in heart failure may be reversible (Marx et al., 2000) . The elucidation of the mechanism(s) underlying the specific phosphorylation and dephosphorylation of ion channels in general and specifically RyR2 may have significant ramifications in terms of treating heart failure and prevention of arrhythmias and sudden cardiac death (Marks, 2000) . Enhanced dephosphorylation of RyR2 by PP1 and/or PP2A could restore normal phosphorylation and function of RyR2 and normal EC coupling gain. Abnormal regulation of phosphorylation of RyR2 in the intact heart is believed to be one of the principal mechanisms underlying electrical and mechanical alternans caused by impairment of glycolysis (i.e., ischemia; Huser et al., 2000) .
This study elucidates a novel mechanism for targeting kinases and/or phosphatases to ion channels. LZ motifmediated targeting of kinases and phosphatases to ion channels provides specific physiologic and pathophysiologic regulation of the phosphorylation and function of RyR in cardiac and skeletal muscle. The findings that these motifs are evolutionary conserved supports the premise that LZ motifs are critically important for the regulation of intracellular Ca 2ϩ release in the heart and skeletal muscle. Identification of this novel role for LZ motifs provides roadmaps for locating binding sites and for dissecting the function of ion channel macromolecular signaling complexes in the heart and other tissues.
